We have measured thermoplastic deformation in as-received, single-side polished, 4H-SiC wafers and also residual stresses in homoepitaxially grown epilayers on wafers by radius curvature measurements. The wafers studied had n-type resistivities of 0.010-0.011 Ω-cm and p-type resistivities of 4.42, 4.72, 9.57 Ω-cm. In a first thermal excursion to 900 o C in vacuum, the bow height of the bare substrates in all cases decreased with temperature. Upon cooling down, however, the bow heights remained largely unchanged from their values at 900 o C. A second cyclic excursion to 900 o
C in vacuum, the bow height of the bare substrates in all cases decreased with temperature. Upon cooling down, however, the bow heights remained largely unchanged from their values at 900 o C. A second cyclic excursion to 900 o C did not yield any significant change in the curvature, thus indicating that the substrates had thermoplastically deformed in the first heating cycle. Epilayers having nitrogen doping between 5 x 10 17 and 2 x 10 19 cm -3 grown on the n-and p-type substrates resulted in compressive stresses ranging between 190 and 400 MPa in the epilayers. Transmission electron microscopy (TEM) examination of the n-type epilayer (with doping levels of 5 x 10 17 cm -3 and 5 x 10 18 cm -3
) on the n-type substrate, revealed bands of stacking faults (SFs) confined within the epilayers after the bicrystals were further annealed at 1150°C in nitrogen for thirty minutes. These doping levels are approximately one and two orders of magnitude below the reported threshold value of 3 x 10 19 cm -3 previously suggested for the onset generation of SFs in annealed n-type 4H-SiC epilayers. The calculated residual stresses in all the epilayers were above the critical stress for the motion of dislocations above 1000 °C in 4H-SiC. Thus the SFs that form by glide of pre-existing partial dislocations may actually be stress induced and occur across a much wider range of doping levels. Therefore, it is possible that a significant mechanism for formation of the stacking faults and 3C bands observed in thermally treated 4H-SiC wafer is stress relief via the generation and motion of new and pre-existing partial dislocations on the basal planes of 4H-SiC.
INTRODUCTION
The deleterious effects of internal stresses on the yield and reliability of semiconductor electronic devices continue to remain a major research topic [1] . In silicon carbide (SiC) technology, the production of bulk crystals for high volume commercialization is primarily motivated by the advantages provided by the superior electronic properties of this material (i.e., high breakdown field, wide bandgap, and high thermal conductivity) over traditional semiconductors [2] . These properties will allow SiC-based devices to support high speed and high voltage switching, and to operate in much higher temperature and radiation environments than conventional semiconductor devices. However, the magnitude of stresses that develop during bulk growth of single crystal SiC could be high enough to introduce structural defects such as dislocations (i.e., basal plane dislocations and micropipes) [3, 4] . Basal plane dislocations (BPDs) are known to be dissociated into two partial dislocations bounding a ribbon of stacking fault [5] . Under certain conditions of stress and temperature, the partials move and greatly expand the stacking faults (SFs); it is the latter that are thought to be responsible for the degradation observed in SiC PiN diodes during operation [6] . The SFs generated during thermal processing can also degrade device integrity due to the unexpected changes in the electronic properties of the crystal [7, 8] . According to Lindefelt and coworkers, a SF in 4H-SiC acts as a one-dimensional quantum well, thus altering the physical and electronic properties of the crystal [9] . This idea is based on total energy calculations of a 4H-SiC crystal containing an intrinsic SF, where it has been found that a narrow band is split off from the bottom of the conduction band and extends about 0.2 eV into the bandgap of 4H-SiC [10] . The observation of SFs leading to the formation of 3C-like bands in n-type 4H-SiC epilayer doped 1.7 x 10 19 cm -3 after routine oxidation or argon annealing at 1150°C has been reported previously [7, 8, 11] . Liu and coworkers proposed the formation mechanism of the SFs under such annealing conditions to be a spontaneous process where thermally generated carriers are trapped in the quantum well thus lowering the energy of the crystal [11] . Consequently, Kuhr et al. calculated a threshold nitrogen doping level of 3 x 10 19 cm -3 , below which SF generation by thermal treatment is not expected to occur [12] .
The focus of this work was to conduct a direct measurement of the thermal deformations in the bare 4H-SiC wafers in terms of changes in radius of curvature and bow height. The effect of thermal treatment on some of the epilayers was then analyzed with conventional and high resolution (HR)TEM.
EXPERIMENT
Six wafers (3 n-type and 3 ptype) of bare single-side polished, off-axis, Si-face, (0001)-oriented, 2-inch diameter 4H-SiC were commercially procured [13] . Each wafer was placed in the heating chamber of a temperature controlled integrated metrology tool [14] . The tool employs an optical measurement technique whereby a diode laser beam scans across the diameter of the wafer that is placed on the tips of metal tripods. The tripods extend out 2 mm above the plane of the heater plate; this arrangement provides very small contact areas with the wafer. The reflected beam undergoes a secondary reflection by a mirror and is detected by a precision position photo-detector as shown in Fig. 1 . By scanning the diameter of a wafer while the reflected beam is continuously detected, the wafer bow along the entire wafer is obtained, thereby allowing for the direct calculation of the spatially distributed radius of curvature R o , of the as-received wafer. Several scan paths along the diameter of each wafer were chosen in order to obtain a topographical map of the surface. Subsequently, the wafer was gradually heated to 900 [15] . The ramping rate for both the up and down cycles was 6 o C/min. The wafer was continuously scanned during heatup and cool-down to determine its instantaneous radius of curvature, R T , at any temperature. The final curvature, Ro 2 , of the wafer was obtained after it cooled down to room temperature. Thus the thermal deformation history of the wafer was acquired in-situ. Next, 2 µm thick homo-epilayers with nitrogen doping levels of 5. 18 and 2 x 10 19 cm -3 , were grown on the bare n-type substrates. Following homoepitaxial growth, another round of radius of curvature measurements, was performed on the epilayer/wafer system to obtain R epi . The n-type epilayer/n-type substrate batch was annealed in a nitrogen ambient at 1150 o C in a furnace for thirty minutes. Finally, the annealed wafers were diced into 5 x 5 mm 2 square foils and 
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analyzed by TEM. From the radius of curvature after epilayer growth, R epi , the biaxial stress in the epilayer could be calculated by using Stoney's equation [16] : (1) where E s , d s , and ν are the substrate Young's modulus (Pa), thickness (m), and Poisson's ratio, respectively; t f is the epitaxial film thickness (m), and 1/R = [1/R epi -1/R cool ] (m -1 ).
RESULTS AND DISCUSSION
All the six as-received bare wafers exhibited various degree of concavity expressed in terms of bow height as shown in the representative data of Figs. 2a and b that depict the physical topography of one of the bare p-type wafer sample P3. It could be seen that the starting material exhibited a warpage that was not necessarily symmetrical (see Fig. 2a ). After heating to 900 o C and cooling, the topology of the wafer had changed from its as-received condition with pronounced hysteresis (Fig. 2b) . The wafers in all cases became less bowed (increased radius of curvature) after the first thermal excursion. A repeated excursion to 900 o C did not produce any new change in the warpage. Table 1 The initial R o (in the bare wafer before epilayer growth) was believed to be due to the cumulative residual stress introduced during boule growth and wafer preparation steps (sawing, and lapping). This further confirmed the previously published studies with regard to the thermoplastic characteristics of hexagonal SiC [15, 17] noteworthy that the change in curvature with increasing temperature was more pronounced in the offaxis wafers as compared to the control on-axis wafer (sample 4) in Table 1 . From the results shown in Table 1 (includes data from previously published wor [15] ), except for sample N2, the radius of curvature of the bare substrates showed only little change on heating to at 500 o C or 900 o C or after cool down. Repeated thermal excursion to 500 o C and 900 o C did not produce any further change in the radius of curvature, indicating that the relaxation was irreversible and that any stress relief occurred via thermoplastic deformation. However, the radius of curvature immediately after epilayer CVD growth, R epi , showed a dramatic decrease in bow height (increased radius of curvature). Fig. 3a shows the curvature topology of sample P3 in terms of bow height. The resultant topological map of the induced stress in the samples after epilayer growth is shown in Fig. 3b , revealing the non uniform nature of the residual stress in the epilayer. The results shown in Table 1 
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The TEM examination of the N (1-3) Fig. 4b is the HRTEM of one of the bands in Fig. 4a , indicating the existence of multiple SFs that lead to moderately thick layers with a 3C stacking sequence. These doping levels are one and two orders of magnitude below the threshold value proposed in Ref. [12] for the formation of double faults. No SF bands were observed in the 2 x 10 19 cm -3 epilayer, although we had previously observed SFs in epilayer with a doping level of 1.7 x 10 19 cm -3 [7] . The existence of these SFs in annealed 4H-SiC epilayers of such low doping levels cannot be explained with the quantum well action(QWA) model as proposed in Ref. [12] because in these two cases, the Fermi level should lie several tenths of an eV below the E c -0.2 eV position of the split-off band [10] . Also significant is the fact that the SF features were not observed in the highly doped (3.81 x 10 19 cm -3 ) on-axis 4H-SiC substrate #4 even after annealing at1150°C. This behavior is very different from annealed off-axis highly doped 4H-SiC substrate [8] . According to the QWA model, SFs should be generated in thermally treated wafers irrespective of whether they are on-or off-axis. The generation of SFs can be attributed to the expansion of partial dislocations in pre-existing basal plane dislocations (BPDs). By resolving the measured bi-axial stresses in the epilayers of the present work, shear stresses between -20 and -70 MPa along the 〉 〈 0 2 11 direction can be obtained. These values are much larger than the experimentally-determined values of critical resolved shear stress for yielding of 4H-SiC at the growth temperature (less than 1 MPa) [5] . It is therefore seen that the shear stress that develops in the epilayer is more than that required to yield the crystal, thus allowing for dissociated dislocations to form and for partials to expand.
CONCLUSION
This work has shown that single-sided polished 4H-SiC substrates, when subjected to thermal treatment from 300 o C and higher, thermoplastically deform, an effect that is manifested in the warpage of the wafer. Metrology measurements show that compressive residual stresses are introduced in the homoepitaxially grown epilayers on these substrates. Thermal annealing generated SFs in epilayers having doping levels below the previously proposed threshold value of 3 x 10 19 cm -3 , thereby eliminating QWA as a possible diving force at lower doping levels. Considering that the magnitude of the compressive shear stress in the epilayer is much greater than the critical resolved shear stress for yielding of SiC, it is possible that the stacking fault bands observed in many recent thermal annealing experiments are caused by the generation and movement of leading partial dislocations.
